Background: Brown fat functions to dissipate energy through adaptive thermogenesis. Results: The histone demethylase UTX positively regulates brown fat thermogenic program. Conclusion: UTX is a key determinant of brown fat gene expression. Significance: UTX may serve as a novel therapeutic target for enhancing brown fat function in the treatment of obesity.
Brown adipocytes function to dissipate energy as heat through adaptive thermogenesis. Understanding the molecular mechanisms underlying the brown fat thermogenic program may provide insights for the development of therapeutic approaches in the treatment of obesity. Most studies investigating the mechanisms underlying brown fat development focus on genetic mechanisms; little is known about the epigenetic mechanisms in this process. We have discovered that ubiquitously transcribed tetratricopeptide repeat on chromosome X (UTX), a histone demethylase for di-or tri-methylated histone 3 lysine 27 (H3K27me2/3), plays a potential role in regulating brown adipocyte thermogenic program. We found that UTX is up-regulated during brown adipocyte differentiation and by cold exposure in both brown adipose tissue (BAT) and white adipose tissue (WAT) of mice, suggesting a potential role in thermogenesis. Inactivation of UTX down-regulates brown fat specific gene expression, while overexpression of UTX does the opposite. Notably, activation of ␤ adrenergic signaling recruits UTX to the UCP1 and PGC1␣ promoters, leading to decreased H3K27me3, a histone transcriptional repressive mark. UTX demethylates H3K27me3 and subsequently interacts with the histone acetyltransferase (HAT) protein CBP, resulting in increased H3K27 acetylation (H3K27ac), a histone transcriptional active mark. UTX positively regulate brown adipocyte thermogenic program through coordinated control of demethy-lating H3K27me3 and acetylating H3K27, switching the transcriptional repressive state to the transcriptional active state at the promoters of UCP1 and PGC1␣. We conclude that UTX may play a potential role in regulation of brown adipocyte gene expression and may mediate ␤ adrenergic activation of brown fat function.
Obesity is a disorder of energy homeostasis due to a chronic imbalance between energy intake and energy expenditure (1) . Energy expenditure can be divided into three principal components: obligatory energy expenditure required for cells and organs to maintain physiological functions, energy expenditure caused by physical activity, and energy expenditure resulting from adaptive thermogenesis (2) . In rodents, brown/beige adipocytes function to combat obesity via their abilities to generate adaptive thermogenesis, defined as energy dissipated as a heat instead of being captured in ATP in response to environment temperature and diet (3) (4) (5) . The ability of brown/beige adipocytes to produce adaptive thermogenesis depends on the unique expression of UCP1 in the inner mitochondrial membrane, which serves to uncouple oxidative phosphorylation from ATP synthesis, thereby profoundly increasing energy expenditure (6, 7) . Activation of thermogenesis genetically by overexpressing UCP1 in white adipose tissue (WAT) 4 relieves obesity and metabolic disorders in obese animal models (8, 9) , whereas ablation of UCP1 in mice housed under thermoneutral temperature results in obesity (4) . Recent reports demonstrate that adult humans also possess metabolic active brown fat; the amount of brown fat is inversely correlated with body weight but positively correlated with energy expenditure (10 -12) . This important discovery provides new insight into the mechanisms regulating energy homeostasis in adult humans and suggests that increasing functional brown/beige adipocytes in humans is a novel and promising target in treating obesity.
Although the genome is fixed and identical in all cells, the epigenome, the combination of all genome-wide DNA and chromatin modifications, is continuously modified in response to developmental, environmental, physiological and pathological cues (13) . Epigenetic modifications, including DNA methylation, histone acetylation, and methylation, result in organization of the chromatin structure on different hierarchal levels, which regulate gene expression (14) . In the case of histone lysine methylation, this involves the transfer of up to three methyl groups from S-adenosylmethionine to create mono-, di-, and trimethylation at the lysine residues (15) . Major lysine modifications are limited to histone H3 at multiple residues (H3K4, H3K9, H3K27, H3K36, and H3K79), and a single site on H4 (H4K20) (15) . The methylation of lysine residues results in different biological outcomes depending on the lysine position and whether it is mono-, di-, or trimethylated (15) . The hallmark of transcriptional active genes is trimethylated histone H3 lysine4 H3K4 (H3K4me3) in the promoter region and H3K36 (H3K36me3) across the gene body, whereas trimethylated H3K27 (H3K27me3) seems to be central for gene repression when present across the gene body and flanking regions (15) .
Most complex diseases, including obesity, diabetes, cardiovascular disease, and cancer, are results of gene and environment interactions. One of the mechanisms that environmental factors such as diets affect gene expression patterns involves their capacity to reprogram the epigenome (16, 17) . Evidence converges to suggest that epigenetic events figure prominently in the development of obesity and diabetes (18 -22) . This is a new emerging research area; however, much remains to be discovered on how epigenetic mechanisms regulate metabolism and energy homeostasis.
To identify functional epigenetic marks that regulate brown fat development and function, we knocked down most enzymes that catalyze histone methylation and acetylation, including histone methyltransferases and demethylases and used UCP1 expression as a readout in brown adipocytes BAT1. BAT1 cells are brown preadipocytes that are immortalized from primarily cultured brown preadipocytes and exhibit a typical brown adipocyte phenotype and function with a robust UCP1 expression after differentiation (23, 24) ( Fig. 1 ). We identified a number of histone enzymes that affect UCP1 expression (data will be reported elsewhere), one of which is ubiquitously transcribed tetratricopeptide repeat on chromosome X (UTX). UTX is a histone H3K27-specific demethylase that preferentially demethylates tri-methylated H3K27 and therefore relieves its ability to silence the genes, leading to activation of the gene transcription (25, 26) . H3K27 methylation (H3K27me) has been implicated in the regulation of development of a number of cell types (27) (28) (29) (30) . In this study, we first determined the expression of UTX during the brown adipocyte differentiation in vitro and in response to sympathetic activation via cold exposure in vivo. We then determined the role of UTX regulating the thermogenic program in brown adipocytes and examined the underlying mechanism responsible for UTX action. We particularly examined the methylation of H3K27 at UCP1 and PGC1 promoter/enhancer regions and the interaction among key mole-cules responsible for the methylation and acetylation of H3K27, including polycomb repressive complex 2 (PRC2) and CREBbinding protein (CBP).
Experimental Procedures
Animals-All animal procedures were approved by the Institutional Animal Care and Use Committee at Georgia State University. For diet-induced obesity studies, 6-week-old male C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and were fed either a chow (Research Diets D12450B, 10% kcal from fat, Research Diets Inc., New Brunswick, NJ) or high fat diet (HF) (Research Diets D12492, 60% calorie from fat, Research Diets Inc.) for 12 weeks. For cold exposure studies, 6-week-old male A/J mice purchased from the Jackson Laboratory were housed in 4°C or room temperature for 0 h, 6 h, and 7 day. All mice were euthanized to harvest interscapular brown adipose tissue (BAT) and WAT for gene expression or immunohistochemistry (IHC). Immunohistochemical staining of UCP1 or UTX protein in adipose tissue was conducted as we previously described (31) .
Cell Culture-All cells were maintained at 37°C with 5% CO 2 . Immortalized brown preadipocyte cell line BAT1 (obtained from Dr. Patrick Seale) was cultured in DMEM/F12 containing 10% FBS and 1% penicillin/streptomycin. BAT1 cells were differentiated as previously described (32) . Briefly, BAT1 cells were grown into 90% confluence in growth medium and were then induced to differentiate with a differentiation medium containing 20 nM insulin, 1 nM T3, 125 M indomethacin, 500 M isobutylmethylxanthine (IBMX), and 0.5 M dexamethasone. After 2 days of culture, cells were changed to a maintenance medium containing 20 nM insulin and 1 nM T3. To induce the thermogenic program, BAT1 adipocytes were treated with 1 M Isop for 3 h.
Mitochondrial Membrane Potential Measurement, Triglyceride (TG) Content, and Lipolysis-Mitochondrial membrane potential was measured using a TMRE Mitochondrial Membrane Potential Kit according to the manufacturer's instruction (Abcam, Cambridge, MA). Briefly, BAT1 cells with UTX overexpression were incubated with tetramethylrhodamine (TMRE,1 M) for 20 min and then washed with PBS for three times. The fluorescence intensity was detected using a Perkin Elmer VICTOR 3 plate reader (Perkin Elmer, Waltham, MA) with excitation 545 nm and emission 575 nm. For TG content, lipid extraction from BAT1 brown adipocytes was conducted as we previously described (33) . The lipid extraction was dissolved in 2% Triton X-100 and used for triglyceride quantification using a TG kit/L-Type TG M (Wako Chemicals, Wako, Richmond, VA). For lipolysis, glycerol released into the culture medium was determined as an indicator for lipolysis, using a one-step enzymatic fluorometric method as we previously described (34) .
Antibodies and Reagents-Antibodies used in immunoblotting, chromatin immunoprecipitation (ChIP) assays, and immunoprecipitation (IP) assays are as follows: trimethylated H3K27 (07-449, Millipore, Bedford, MA), acetylated H3K27 (ab 4729, Abcam, Cambridge, MA), UTX (KDM6A) (ab 36938, Abcam, for ChIP; A302-374A, Bethyl Laboratories, Montgonery, TX, for IB), Ezh2 (5246, Cell Signaling Technology, Beverly, MA), Suz12 (3737, Cell Signaling Technology), CBP (7389, Cell Signaling Technology), ␣-Tubulin (2144, Cell Signaling Technology), HA (12CA5, Roche), GAPDH (6C5) (sc-32233, Santa Cruz, CA). Isobutylmethylxanthine, indomethacin, dexamethasone, insulin, T3, and Isop were all purchased from Sigma Aldrich. Dulbecco's Modified Eagle's Medium Nutrient Mixture F-12 (DMEM/F12), Dulbecco's Modification of Eagle's Medium (DMEM), Opti-MEM Medium, fetal bovine serum (FBS), and penicillin/streptomycin were purchased from Life Technologies (Grand Island, NY).
Plasmid Constructs and Transfection-The MGC fully sequenced mouse UTX cDNA (Clone ID # 6516368) was purchased from GE Healthcare (Lafayette, CO) and was further cloned into pcDNA3.1 expression vectors (Life Technologies). The expression construct pcDNA3␤-FLAG-CBP-HA (35) was purchased from Addgene (Cambridge, MA). The differentiated BAT1 cells were reversely transfected with expression plasmids using a Lipofectamine LTX with PLUS Reagent kit (Invitrogen, 15338100) as we previously described (36) .
SiRNA Knockdown-The ON-TARGET plus Mouse Kdm6a siRNA-SMART pool (L-042844-01-0005) was purchased from GE Dharmacom (GE Healthcare). The differentiated BAT1 cells were reversely transfected with SiRNA to achieve the gene knockdown at day 6 using Lipofectamine RNAiMAX Reagent kit (Invitrogen) as we previously described (36) .
Total RNA Extraction and Quantitative RT-PCR-Total RNA was extracted from adipose tissue or BAT1 cells using Tri-Reagent kit (Molecular Research Center, Cincinnati, OH) according to the manufacturer's instruction. The expression of genes of interests was assessed by quantitative RT-PCR (ABI Universal PCR Master Mix, Applied Biosystems, Foster City, CA) using a Stratagene Mx3000p thermocycler (Stratagene, La Jolla, CA) as we previously described (36) . The primer and probe pairs used in the assays were purchased from Applied Biosystems.
Immunoprecipitation (IP) and Immunoblotting (IB)-IP and IB were performed as we previously described (37, 38) . Briefly, BAT1 cells were harvested and homogenized in a modified radioimmunoprecipitation assay (RIPA) lysis buffer containing 50 mM Tris-HCl, 1 mM EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 200 mM Na3VO3, 1% protease inhibitor mixture (Sigma), and 1% phosphatase inhibitor mixture (Sigma). Cell homogenates were incubated on ice for 45 min to solubilize all proteins, and insoluble portions were removed by centrifugation at 14,000 ϫ g at 4°C for 15 min. 2 mg of cell lysates was incubated overnight with the appropriate antibodies and protein A/Gagarose (Santa Cruz Biotechnology) at 4°C with constant gentle mixing. Agarose beads were collected by centrifugation, washed with ice-cold RIPA lysis buffer three times, and phosphate-buffered saline two times, and then boiled in Laemmli sample buffer for denaturation of proteins. For IB, proteins from immunoprecipitates or whole cell lysates were separated by SDS-PAGE. Proteins on the gels were transferred to nitrocellulose membrane (Bio-Rad). The transferred membranes were blocked, washed, and incubated with various primary antibodies, followed by Alexa Fluor 680-conjugated secondary antibodies (Life Science Technologies). The blots were devel-oped with a Li-COR Imager System (Li-COR Biosciences, Lincoln, NE).
Chromatin Immunoprecipitation (ChIP) Assay-ChIP assays were performed using a ChIP assay kit (Upstate, Lake Placid, NY) as we previously described (37) . For animal experiments, tissue samples were cut into small pieces and fixed with 1% of formaldehyde. The samples were then homogenized in cell lysis buffer (5 mM PIPES, 85 mM KCl, and 0.5% Nonidet P-40, supplemented with protease inhibitors, pH 8.0) using a Dounce homogenizer to isolate nuclei. The nuclei were resuspended in nuclei lysis buffer (50 mM Tris-HCl, 10 mM EDTA, and 1% SDS, supplemented with protease inhibitors, pH 8.1) and sonicated to shear genomic DNA to an average fragment length of 200 -1,000 bp with a Diagenode Bioruptor (Diagenode, Denville, NJ). Lysates were centrifuged, and the supernatants were collected. Fifty microliters of each sample was removed as the input control. The supernatants underwent overnight immunoprecipitation, elution, reverse cross-linking, and protease K digestion, according to the manufacturer's manual. A mock immunoprecipitation without antibody was also included for each sample. The DNAs recovered from phenol/chloroform extraction were used for SYBR Green quantitative PCR (Applied Biosystems), and the DNA quantitation value of each sample was further normalized with the DNA quantitation of individual input control. The sequences of primers were: UCP1 Enhancer forward: 5Ј-CTCCTCTACAGCGTCACAGCGG-3Ј; reverse: 5Ј-AGT-CTGAGGAAAGGGTTGA-3Ј; UCP1 START forward: 5Ј-CCCACTAGCAGCTCTTTGGA-3Ј; reverse: 5Ј-CTGTGGA-GCAGCTCAAAGGT-3Ј. PGC1␣ MEF forward: 5Ј-GCTCGC-TGCATTTCTTTCTT-3Ј; reverse: 5Ј-CCCCACAGACTCAA-AAACCA-3Ј. PGC1␣ CRE forward: 5Ј-CAAAGCTGGCTTC-AGTCACA-3Ј; reverse: 5Ј-AAAAGTAGGCTGGGCTG-TCA-3Ј.
Statistics-One-way analysis of variance (ANOVA) and least-significant-difference test were performed to evaluate statistical significance using GraphPad Prism version 5.0. Statistical significance was considered at p Ͻ 0.05. All data are shown as means Ϯ S.E. of means (S.E.).
Results

UTX Expression Is Elevated in Brown Adipocyte Differentiation and by Cold
Exposure-To determine the physiological relevance of UTX in regulating brown fat functions, we first measured UTX expression during the course of brown adipocyte differentiation and in response to the cold exposure. BAT1 preadipocytes were cultured in a differentiation medium as described in the "Experimental Procedures" and were induced to be differentiated into brown adipocytes, evident by morphological changes as shown by Oil Red O staining ( Fig.  1A) and dramatic up-regulation of UCP1 mRNA and protein expression ( Fig. 1, B and C). We found that both UTX mRNA and protein levels displayed a slow but sustained increase during the course of BAT1 adipocyte differentiation (Fig. 1, D and E). However, there was no change in UTX mRNA expression in the differentiation process of 3T3-L1 preadipocyte (Fig. 1F) , a white adipocyte cell line. We then measured UTX mRNA and protein expression in both brown adipose tissue (BAT) and white adipose tissue (WAT) of C57BL/6J mice. We found that both UTX mRNA and protein levels were higher in BAT than in WAT (Fig. 2, A and B) . To determine where UTX is mainly present in adipose tissue that exhibits heterogeneity and contains various cell types, we separated brown or white adipocytes from stromal vascular fractions (SVFs) by collagenase digestion. Interestingly, UTX mRNA expression was higher in brown adipocytes than SVFs in BAT, whereas there was no such differential expression observed in WAT ( Fig. 2C ). We then measured UTX mRNA and protein expression in both BAT and WAT of C57BL/6J mice exposed to cold at 4°C. Fig. 2D shows that UTX mRNA levels were induced by 6-h cold exposure in BAT of mice and declined after 7 day cold exposure, which mimics the expression pattern of BAT UCP1 in response to cold by our previous observation (39) . Moreover, UTX mRNA expression in WAT depots including epididymal fat (eWAT) and subcutaneous fat (sWAT) was induced by 6-hour cold and remained at a sustained level after 7-day cold (Fig. 2D ), which also resembles the expression pattern of WAT UCP1 during cold exposure (39) . A similar induction of UTX protein by cold was also observed in both BAT and WAT (Fig. 2 , E and F). Since UTX was induced by cold in WAT, we reckoned that the induction of UTX might be associated with the appearance of beige cells in WAT. We therefore performed immunohistochemical staining of both UCP1 and UTX protein in two continuous serial sections of WAT from mice exposed to cold at 4°C for 7 days. Fig. 2G (left panel) shows that cold exposure induced the UCP1-positive multiocular beige cells, while UTX-positive cells were overlapped with the UCP1-positive beige cells in the next continuous section of immunohistochemical staining (Fig.  2G, right panel) . Interestingly, high fat diet feeding for 12 weeks down-regulated UTX mRNA expression in both BAT and WAT depots (Fig. 2, H and I) . These data suggest that UTX might be involved in regulation of brown fat functions and energy metabolism.
UTX Regulates Brown Fat Gene Expression-To investigate the role of UTX in regulating the expression of the brown fat specific genes, we performed gain-or loss-of-function experiments in differentiated BAT1 cells. We first conducted a knockdown experiment on UTX expression by SiRNA to achieve gene silencing at day 6 of differentiation, aiming to study these brown fat cells at the mature adipocyte stage. The UTX mRNA in knockdown cells was inhibited by more than 80% as measured by real time RT-PCR (Fig. 3A) , and the protein expression was also significantly decreased, as assessed by immunoblotting ( Fig. 3B ). Since UTX is a histone demethylase that preferentially targets H3K27 tri-methylation (H3K27me3) (26), we therefore validated the loss of UTX function by measuring H3K27me3 levels in BAT1 brown adipocytes. Indeed, inactivation of UTX led to a significant increase in H3K27me3 (Fig. 3B ). More importantly, UTX knockdown reduced basal brown fat gene expression such as UCP1, PGC1␣, Acox1 etc. (Fig. 3 , C-I), and also attenuated Isoproterenol (Isop)-stimulated expression of brown fat genes ( Fig. 3, C-I) . However, UTX knockdown did not affect the expression of PPAR␥2 (Fig. 3J) , a key differentiation marker, suggesting that UTX deficiency is not likely to cause brown adipocyte de-differentiation. We then overexpressed UTX in BAT1 brown adipocytes, as shown by increased protein expression ( Fig. 4A) . In contrast to the loss of UTX function, over-expression of UTX in BAT1 cells gained the function of demethylation on H3K27, evident by down-regu- lated H3K27me3 levels (Fig. 4A ). Overexpression of UTX induced expression of brown fat specific genes including UCP1, PGC1␣, Acox1, Dio2, Elovl3, PGC1␤ (Fig. 4, B-G) , as assessed by real time RT-PCR. In consistence, overexpression of UTX further promoted Isop-stimulated expression of brown fat genes (Fig. 4, B-G) . These data derived from our gain-or lossof function studies suggest that UTX might be a regulator of thermogenic program in brown adipocytes.
UTX Inhibits Trimethylated H3K27 at the UCP1 and PGC1␣ Promoters-Trimethylated H3K27 (H3K27me3) is a hallmark of gene repression (15) . UTX is capable of demethylating H3K27me3, limiting its ability of gene silencing (26, 40) . We reasoned that if UTX indeed plays a significant role as a positive regulator of brown fat functions, it should be recruited to promoter regions of key genes involved in brown fat phenotypes and development. We therefore examined the recruitment of UTX to the promoter regions of UCP1 and PGC1␣ in response to ␤ adrenergic activation, a key signal mediating brown adipocyte development and functions. Indeed, treatment of BAT1 brown adipocytes with Isop, a ␤ adrenergic receptor agonist, enhanced the binding of UTX to the proximal transcript start site at the UCP1 promoter ( Fig. 5A) , as assessed by ChIP assays with SYBR Green quantitative PCR. Similarly, activation of ␤ adrenergic signaling by Isop also recruited UTX to the upstream enhancer of the UCP1 promoter ( Fig. 5A ), which contains key cis-acting elements for specific expression of UCP1 in brown fat (41) . We further explored whether activation of ␤ adrenergic signaling promotes the binding of UTX to the PGC1␣ promoter, a critical regulator of brown fat development. We focused on two key cis-acting elements CREB and MEF2-binding sites that are important for PGC1␣ transcription at the PGC1␣ promoter (42, 43) . Our ChIP quantitative PCR data demonstrated that Isop induced a strong recruitment of UTX to the CREB binding site at the PGC1␣ promoter ( Fig.  5A ). A similar trend was observed on the MEF2 site, albeit to a much lesser extent without statistical significance (Fig. 5A ). We reasoned that the recruitment of UTX to the UCP1 and PGC1␣ promoters by the ␤ adrenergic activation would demethylate H3K27me3 at their promoter regions. We therefore further performed ChIP assays using the antibody against H3K27me3 FIGURE 2. UTX expression is induced by cold exposure in BAT. BAT exhibits higher UTX mRNA (A) and protein (B) levels than WAT. C, UTX mRNA levels are higher in brown adipocytes than in stromal vascular fractions (SVFs), while there is no differential expression in adipocytes and SVFs of WAT. D, UTX mRNA levels were induced by cold exposure in BAT and WAT of mice. E and F, UTX protein levels were induced by cold exposure in BAT and WAT of mice. G, UTX protein is induced in beige cells of WAT. H and I, UTX mRNA expression in BAT (D) and WAT (E) are down-regulated by high fat diet feeding (12 weeks). UTX mRNA and protein levels were measured by quantitative RT-PCR and immunoblotting, respectively, as described under "Experimental Procedures." Immunohistochemical staining of UCP1 and UTX protein were conducted in two continuous serial sections of WAT from mice exposed to cold at 4°C for 7 days. All data are expressed as mean Ϯ S.E., n ϭ 4; groups labeled with different letters are statistically different from each other. eWAT: epididymal WAT; sWAT: subcutaneous WAT.
at the UCP1 and PGC1␣ promoters. In consistence, treatment of BAT1 adipocytes with Isop decreased H3K27me3 on both the upstream enhancer and the transcription start site of the UCP1 promoter and the CRE site of the PGC1␣ promoter (Fig.  5B ). This inhibitory effect of Isop on H3K27me3 can be mimicked by overexpression of UTX in BAT1 adipocytes. Gain-offunction by overexpressing UTX reduced the basal binding of H3K27me3 and further decreased the Isop-suppression of H3K27me3 binding to the upstream enhancer and the transcription start site of the UCP1 promoter ( Fig. 5B) . Similar results were observed on the association of H3K27me3 with the CRE site of the PGC1␣ promoter (Fig. 5B) . In contrast, inactivation of UTX by SiRNA knockdown up-regulated basal and partially blocked Isop suppression of H3K27me3 on the enhancer region and the transcription start site of the UCP1 promoter ( Fig. 5C ). Similar results were also observed on the binding of H3K27me3 to the CRE site of the PGC1␣ promoter ( Fig. 5C ).
UTX Decreases Ezh2/Suz12 Binding to the UCP1 and PGC1␣ Promoters-H3K27 methylation is dynamically regulated by both histone methyltransferases and demethylases (15) . Poly-comb repressive complex 2 (PRC2) is a histone methyltransferase that preferentially target H3K27 (44) . Through its histone methyltransferase subunits Ezh2 and Suz12, PRC2 methylates H3K27 to facilitate transcriptional repression (44) . We thus examine the relationship between the histone demethylase UTX and histone methyltransferase PRC2 in regulation of H3K27 methylation at the UCP1 and PGC1␣ promoters. Our ChIP data show that activation of ␤ adrenergic signaling by Isop reduced the bindings of the PRC2 subunits Ezh2 and Suz12 to the UCP1 and PGC1␣ promoters (Fig. 6, A-D) . However, UTX deficiency by SiRNA knockdown promoted the bindings of Ezh2 and Suz12 to the UCP1 and PGC1␣ promoters in the absence or presence of Isop treatment (Fig. 6, A and B) . Conversely, overexpression of UTX suppressed the bindings of the PRC2 subunits to the UCP1 and PGC1␣ promoters (Fig. 6, C  and D) . These data suggest that the histone demethylase UTX and histone methyltransferase PRC2 reciprocally regulate H3K27 methylation at the UCP1 and PGC1␣ promoters.
UTX Potentiates H3K27 Acetylation by Interacting with CBP at the UCP1 and PGC1␣ Promoters-H3K27 is also subjected to acetylating modification, which correlates with transcriptional , while having no effect on PPAR␥2 expression (J). BAT1 cells were differentiated and then reversely transfected with UTX SiRNA as described in "Experimental Procedures." UTX and brown fat gene mRNA and protein levels were measured by quantitative RT-PCR and immunoblotting, respectively, as described under "Experimental Procedures." All data are expressed as mean Ϯ S.E., n ϭ 4; groups labeled with different letters are statistically different from each other. Isop, Isoproterenol (1 M).
activation (25) . Unlike the transcriptional repressive mark H3K27me3, H3K27 acetylation (H3K27ac) is a transcriptional active mark (25) . Since UTX demethylates H3K27me3 to attenuate gene silencing, it would be interesting to see whether the relief of the repressive histone mark H3K27me3 through UTX demethylation will be switched to the active mark acetylated H3K27 (H3K27ac) by histone acetylation. ␤ adrenergic activation by Isop promoted H3K27 acetylation at both the transcription start site and the enhancer region of the UCP1 promoter and the CRE site of the PGC1␣ promoter (Fig. 7A) . In contrast, inactivation of UTX inhibited H3K27ac at the transcription start site, but not the enhancer region of the UCP1 promoter ( Fig. 7A) . A similar inhibition of H3K27ac on the CRE site at the PGC1␣ promoter was also observed (Fig. 7A) . Conversely, gain of function of UTX by overexpression promoted basal and further enhanced Isop-stimulated H3K27ac at the UCP1 pro-moter ( Fig. 7B) . Similarly, overexpression of UTX up-regulated H3K27ac at the CRE site of the PGC1␣ promoter (Fig. 7B ). Since the histone acetyltransferases (HATs) proteins CBP and P300 are required for H3K27 acetylation (25, 45) , we further examined whether regulation of H3K27ac by UTX also recruit CBP and P300. Although inactivation of UTX or Isop had no significant effects on P300 binding to the UCP1 and PGC1 promoters ( Fig. 7C) , CBP binding to the UCP1 and PGC1 promoters resembles the pattern of H3K27ac. UTX knockdown decreased CBP recruitment to the UCP1 and PGC1 promoters in the absence or presence of Isop, while overexpression of UTX did the opposite (Fig. 7, D and E) . To further determine whether UTX directly interacts with CBP, we examined the physical interaction between UTX and CBP. We overexpressed both UTX and CBP-HA in BAT1 brown adipocytes and performed the co-immunoprecipitation assays. UTX was first . UTX inhibits trimethylated H3K27 at the UCP1 and PGC1␣ promoters. A, activation of ␤ adrenergic signaling by isoproterenol recruits UTX to the UCP1 and PGC1␣ promoters. B, overexpression of UTX decreases H3K27me3 at the UCP1 and PGC1␣ promoters. C, inactivation of UTX enhances H3K27me3 at the UCP1 and PGC1␣ promoters. UTX overexpression or knockdown in BAT1 adipocytes was conducted as described under "Experimental Procedures." The UTX or H3K27me3 binding to the UCP1 and PGC1␣ promoters was assessed by ChIP assays followed by SYBR Green quantitative PCR as described under "Experimental Procedures." All data are expressed as mean Ϯ S.E., n ϭ 4; groups labeled with different letters are statistically different from each other. Isop: isoproterenol (1 M); Start: transcription start site. immmunoprecipitated and followed by immunoblotting with the antibody against HA tag associated with CBP. Immunoprecipitation of UTX with specific anti-UTX antibody pulled down the CBP protein (Fig. 8A) . Likewise, CBP was then immunoprecipitated with the HA antibody and followed by immunoblot-ting with the UTX antibody. Immunoprecipitation of CBP with the specific antibody against HA pulled down the UTX protein (Fig. 8B) . To examine whether there is a basal interaction between UTX and CBP at endogenous levels, we isolated nuclear protein and performed co-immunoprecipitation fol-FIGURE 6. UTX decreases Ezh2/Suz12 binding to the UCP1 and PGC1␣ promoters. Inactivation of UTX enhances Ezh2 (A) and Suz12 (B) bindings at the UCP1 and PGC1␣ promoters. Overexpression of UTX decreases Ezh2 (C) and Suz12 (D) bindings at the UCP1 and PGC1␣ promoters. UTX knockdown or overexpression in BAT1 adipocytes was conducted as described under "Experimental Procedures." The Ezh2 or Suz12 binding to the UCP1 and PGC1␣ promoters was assessed by ChIP assays followed by SYBR Green quantitative PCR as described under "Experimental Procedures." All data are expressed as mean Ϯ S.E., n ϭ 4; groups labeled with different letters are statistically different from each other. Isop: isoproterenol (1 M); Start: transcription start site. FIGURE 7. UTX potentiates H3K27 acetylation by interacting with CBP at the UCP1 and PGC1␣ promoters. A, inactivation of UTX decreases H3K27ac at the UCP1 and PGC1␣ promoters. B, overexpression of UTX increases H3K27ac at the UCP1 and PGC1␣ promoters. C, inactivation of UTX does not affect P300 binding at the UCP1 and PGC1␣ promoters. D, inactivation of UTX decreases CBP recruitment at the UCP1 and PGC1␣ promoters. E, overexpression of UTX increases CBP recruitment at the UCP1 and PGC1␣ promoters. UTX knockdown or overexpression in BAT1 adipocytes was conducted as described under "Experimental Procedures." The H3K27ac, P300, or CBP binding to the UCP1 and PGC1␣ promoters was assessed by ChIP assays followed by SYBR Green quantitative PCR as described under "Experimental Procedures." All data are expressed as mean Ϯ S.E., n ϭ 4; groups labeled with different letters are statistically different from each other. Isop: isoproterenol (1 M); Start: transcription start site. lowed by immunoblotting using the antibody against CBP instead of the antibody against HA protein that tags CBP. Our data indicate a weak basal interaction between UTX and CBP at endogenous levels. Immunoprecipitation of UTX pulled down the endogenous CBP protein evident by a faint band by immunoblotting with the CBP antibody, albeit at very low levels (Fig.  8C) . Similarly, immunoprecipitation of CBP with the specific antibody against CBP pulled down the endogenous UTX protein ( Fig. 8C ). Taken together, our data suggest that CBP interacts with UTX at the UCP1 and PGC1␣ promoter regions and acetylates H3K27, which switches the transcriptional repressive state (H3K27me3) to the transcriptional active state (H3K27ac), leading to UCP1 and PGC1␣ gene expression.
UTX Decreases Mitochondrial Member Potential and Regulates Lipid Metabolism in BAT1 Brown Adipocytes-We further determined whether regulation of thermogenic program by UTX would further affect mitochondrial functions and lipid metabolism in brown adipocytes. We first determined the mitochondrial membrane potentials in BAT1 brown adipocytes with UTX overexpression using a TMRE Mitochondrial Membrane Potential Kit. In consistence with the data on UTX regulation of thermogenic program we presented above, UTX overexpression decreased mitochondrial membrane potentials, using an ionophore carbonyl cyanide 4-trifluoromethoxy-phenylhydrazone (FCCP) as a positive control (Fig. 9A ). Since up-regulation of mitochondrial functions may require more fatty acid supply, we therefore measure lipolysis in BATs cells with UTX knockdown or over-expression. UTX knockdown inhibited basal and Isop-stimulated lipolysis, indicated by less glycerol release into the medium (Fig. 9B, left panel) , while UTX overexpression did the opposite (Fig. 9B, right panel) . We reasoned that regulation of lipolysis by UTX may further affect lipid accumulation in BAT1 adipocytes. Indeed, higher TG contents were observed in UTX knockdown brown adipocytes ( Fig. 9C, left panel) , while BAT1 cells with UTX over-expression displayed lower TG contents (Fig. 9C, right panel) .
Discussion
It has been well documented that brown/beige adipocytes function to dissipate energy as heat through adaptive thermogenesis. Understanding the molecular mechanisms underlying the brown fat thermogenic program may provide insights for the development of therapeutic approaches in the treatment of obesity. Most of the current studies investigating the mechanisms in the regulation of brown fat development focus on genetic mechanisms and cellular signaling pathways; little is known about the epigenetic mechanisms in this process. We first observed that UTX was up-regulated during the process of brown adipocyte differentiation. UTX was also induced by cold exposure in both BAT and WAT of mice, while its expression was down-regulated by high-fat diet feeding in both BAT and WAT. These data indicate that UTX might be involved in regulation of brown fat functions and energy metabolism. We therefore hypothesized that UTX plays a significant role in regulation of brown fat thermogenic program. Using gain or loss of function studies, we found that inactivation of UTX down-regulated brown fat specific gene expression, while overexpression of UTX did the opposite. These data demonstrate that UTX might be important in regulation of brown fat specific gene expression. We further explored the molecular mechanism underlying the regulation of thermogenic program by UTX. Interestingly, activation of ␤ adrenergic signaling by Isop recruited UTX to the UCP1 and PGC1␣ promoters, leading to decreased H3K27me3, a histone transcriptional repressive mark. The demethylation of H3K27 followed the acetylation of H3K27 through interaction between UTX and CBP. We conclude that UTX positively regulates brown adipocyte thermogenic program through reciprocal control of H3K27me3 demethylation and H3K27 acetylation.
Most complex diseases, including obesity and diabetes are results of gene and environment interactions. One of the mechanisms that environmental factors such as diets affect gene expression patterns involves their capacity to reprogram the epigenome (16, 17) . Evidence converges to suggest that epigenetic events figure prominently in the development of obesity and diabetes (18 -22) . UCP1 promoter activity is regulated by changes in DNA methylation status (46) . In addition, the H3K9 demethylase JHDM2a directly regulates UCP1 expression, and genetic deletion of JHDM2a in mice results in obesity (47) . Histone lysine methylation has also been associated with adipocyte differentiation (25) . The transcriptional active mark H3K4me promotes adipogenesis through interacting with the promoter of PPAR␥ (48), a key transcriptional factor required for adipogenesis. Moreover, the H3K27 methyltransferase Ezh2 promotes adipogenesis through repressing the Wnt family proteins, a family of negative regulators of adipogenesis (25, 27) . In the present study, we investigated the role of UTX and its target H3K27 in regulation of brown fat gene expression at the mature adipocyte stage. This raises an interesting question as to whether UTX also regulates brown adipocyte adipogenesis through demethylating H3K27me3 at genes that promote adipogenesis and subsequently affects brown fat thermogenic program.
In rodents, there exist two types of brown adipocytes (49) . Traditional brown adipocytes are located in discrete areas, such as the interscapular BAT; whereas "inducible" beige adipocytes are dispersed in WAT (49 -51) , and can be induced by cold exposure or ␤3-adrenergic receptor activation (39, 52) through activation of the sympathetic nervous system (SNS) as measured neurochemically by norepinephrine turnover (NETO) (53, 54) . Therefore, ␤ adrenergic activation via cold or ␤ adre-nergic agonists is required for the development of both traditional brown fat and beige adipocytes. Interestingly, UTX is induced by cold or ␤ adrenergic activation and up-regulates the thermogenic program in BAT1 cells (Fig. 2) . Loss of UTX in BAT1 cells substantially blocks the expression of thermogenic genes induced by Isop (Fig. 3) . Moreover, ␤ adrenergic activation decreases the transcriptional repressive mark H3K27me3 and increases the active mark H3K27ac through interaction between UTX and CBP ( Figs. 5-7) . The reciprocal regulation of decreased H3K27 methylation coupled with increased acetylation by ␤ adrenergic activation was significantly compromised by inactivation of UTX in BAT1 cells. These data suggest that UTX at least partially mediates the induction of brown fat thermogenic program activated by ␤ adrenergic signaling or by SNS. This is physiologically important, since we demonstrate a potential role of UTX in regulating brown fat function and development during cold exposure through activation of SNS. However, genetic models with gain or loss of function of UTX specifically in brown fat will be required to determine the role of UTX in regulation of cold and/or diet-induced adaptive thermogenesis in vivo. It is also important to determine what signal(s) mediates the enrichment of UTX on the UCP1/PGC1␣ promoters in response to ␤ adrenergic signaling. Moreover, UTX is a histone demethylase responsible for H3K27me2 and H3K27me3 but not for H3K27me1. We only examined the H3K27me3 levels throughout our studies. It is not clear whether H3K27me2 or H3K27m1 or both are also involved in the regulation of the thermogenic program in BAT1 cells. Although both express UCP1 and share striking similarities in morphological and biological properties, traditional brown fat and beige adipocytes are derived from distinct cell origins during embryonic development (50, 51, 55) . In rodents, traditional brown adipocytes are originated from the skeletal muscle lineage (50) , while at least a subset of beige cells arise from the smooth muscle origin (55) . A recent study shows that human brown adipocytes possess molecular features similar to those of rodent beige cells (56) . We used the brown fat cell BAT1 in this study. Although both brown fat and beige cells are regulated by SNS and ␤ adrenergic signaling and UTX at least partially mediates the induction of thermogenic program by ␤ adrenergic activation, it is not clear whether the role of UTX in regulation of brown adipocyte function can be extrapolated to beige cells. Additional studies, involving deletion or overexpression of UTX in beige lineage cells, will be warranted to determine the role of UTX in regulation of beige cell function and development.
Brown/beige adipocyte thermogenesis is under a complex transcriptional regulation. The presence of UCP1 is a biological and functional signature of both brown adipocytes and beige cells due to its capacity to uncouple oxidative phosphorylation from ATP synthesis, thereby profoundly increasing thermogenesis and energy dissipation (6, 7) . PGC1␣ plays a central role in regulating important pathways involved in mitochondrial biogenesis and thermogenesis (57, 58) . PGC1␣ and UCP1 are regulated at transcriptional levels by positive and negative factors. For example, a ϳ220 bp upstream enhancer element has been identified at the UCP1 promoter that mediates sympathetic-stimulated and tissue-specific expression of UCP1 (41, 59) . PGC1␣ expression is highly induced via ␤-adrenergic receptor activated PKA/CREB pathway (60, 61) . Two regions at the PGC1␣ promoter including CREB and Mef2-binding sites have been identified as key important cis-acting elements for PGC1␣ transcription (42, 43) . We therefore chose to study the UTX regulation of epigenetic changes in the representative and phenotypic gene UCP1 of the brown adipocytes/ beige cells and the master transcriptional regulator PGC1␣. We examined whether UTX regulates H3K27 methylation at the specific regions such as the enhancer at the UCP1 promoter and CREB and Mef2 binding sites at the PGC1␣ promoter. It would be interesting to know whether UTX also demethylates H3K27me3 at other genes' promoters to regulate transcription. Unbiased approaches such as ChIP sequencing will be required to explore the gene profile UTX regulates through H3K27 demethylation.
In summary, our data strongly imply a role for UTX in the regulation of brown adipocyte thermogenic program. Our data show that UTX is up-regulated during the process of brown adipocyte differentiation and is also induced by cold exposure in both BAT and WAT of mice. Our gain or loss of function studies indicate that inactivation of UTX down-regulates brown fat specific gene expression, while overexpression of UTX does the opposite. Notably, activation of ␤ adrenergic signaling recruits UTX to the UCP1 and PGC1␣ promoters, leading to decreased H3K27me3, a histone transcriptional repressive mark. UTX demethylates H3K27me3 and is subsequently associated with the HAT protein CBP, leading to increased H3K27ac. UTX positively regulate brown adipocyte thermogenic program through coordinated regulation of H3K27me3 demethylation and H3K27 acetylation, switching the transcriptional repressive state to the transcriptional active state at the promoters of UCP1 and PGC1␣. We conclude that UTX plays a role in regulating brown fat specific gene expression through coordinated down-regulation of H3K27me3 and up-regulation of H3K27ac and may mediate ␤ adrenergic activation of brown fat function.
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